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Stitching-Error Reduction in Gratings by Shot-Shifted
Electron-Beam Lithography

David J. Dougherty, Richard E. Muller, Paul D. Maker, and Siamak Forouhar

Abstract—Calculations of the grating spatial-frequency
spectrum and the filtering properties of multiple-pass electron-
beam writing demonstrate a tradeoff between stitching-error
suppression and minimum pitch separation. High-resolution mea-
surements of optical-diffraction patterns show a 25-dB reduction
in stitching-error side modes.

Index Terms—Diffraction, electron-beam lithography, gratings,
integrated optics, semiconductor lasers.

I. INTRODUCTION

GRATINGS are a fundamental optical element for wave-
length control in photonic devices. Electron-beam lithog-

raphyoffers the submicron resolution required to form first-order
gratings in the visible- and near-infrared, as well as the flexi-
bility to implement multiple pitches on the same chip, and lon-
gitudinal variations such as chirp and phase shifts. Because of the
finitesweeprangeof theelectronbeamdeflectorsystem,patterns
must be stitched together by moving the sample on a mechan-
ical stage. Miscalibration between the beam deflectors and stage
travel causes interruptions in the pattern at the field boundaries.
This mismatch can occur during a run for a number of reasons,
including tilt of the sample or thermal drift. Often, stitching error
varies from run to run, making its source difficult to determine.
Because its effects are often not observed until device testing, a
reliable method to reduce stitching error is of interest.

Stitching error can have both random and systematic
components. The distribution of random errors for the JEOL
JBX-5D2 machine (JEOL USA, Peabody, MA 01960) at
the Jet Propulsion Laboratory (JPL), California Institute of
Technology, Pasadena, CA, is quoted by the manufacturer to
have a 90- three-sigma width. Kjellberget al. have made a
detailed study of the impact of random stitching errors of this
order of magnitude on the single-mode yield and performance
of semiconductor distributed feedback (DFB) lasers [1]. They
concluded that random errors on this scale do not seriously
affect laser performance. Systematic errors can have a much
greater impact on grating structures because they generate
scattered waves, which add coherently. Systematic stitching
error in DFB lasers can cause lasing on side modes separated
from the main stopband by 3 to 5 nm, depending on field size.
Implementation of phase-shifted and corrugation pitch
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modulated (CPM) lasers [2] is not possible in the presence of
these uncontrolled phase interruptions. The exact relationship
between the side mode ratio (SMR) of the grating spatial
frequency and the SMR observed in optical emission is a com-
plicated function of the gain spectrum, its saturation properties,
and mode competition effects, as well as the laser structure
and cavity design. However, simple multiple-pass writing
techniques can reduce the grating stitching-error side modes
by at least 25 dB, as will be shown below. Reductions of this
order of magnitude completely eliminate unwanted modes in
the standard 500-long ridge waveguide DFB lasers fabricated
at JPL. The analysis presented in this paper is intended to guide
design of multipass schemes, which can be tailored to suit
different applications as both active and passive devices.

One way to overcome stitching error is to operate in a mode
with a field size large enough to accommodate an entire device.
Because the beam position is digitally controlled, this places a
limitation on available pitch sizes. The pattern can be rescaled
with analog controls, but this is not desirable for applications
such as repeatable high-yield fabrication of DFB lasers matched
to specific molecular-absorption lines. Careful alignment using
deflection-amplitude calibration marks have been used to re-
duce error to less than 5 nm [3]. This requires extra processing
steps, however.

Multiple-write techniques have been used previously to re-
duce stitching error. Muroyaet al. [4] used precisely weighted
doses at different positions to shape the individual grating-tooth
profiles to achieve positioning below the stage motion resolu-
tion limit. Albert et al. used multiple scans with different field
sizes for long-phase mask gratings [5]. Tiberioet al. [6] used
an interesting voting technique for stage-position averaging that
allows for continuous writing in a single scan across the wafer.
Their basic multiple-write scheme, denoted as shot shifting for
brevity in the rest of this paper, is depicted in Fig. 1. The top
drawing shows the standard writing process where a full dose
is written in each field. The lower drawing illustrates the case
of four-level shot-shifting, writing at one fourth of the dose and
moving the stage every one fourth of the field. Intuitively, aside
from the initial and final ramp-up and ramp-down fields, the ef-
fect of the multiple exposures is to average the stitching error
present at the end of the field over each tooth of the grating. Ap-
propriate field patterns can be inserted into the program to allow
for abrupt terminations of the grating if desired.

However, this explanation does not completely account for
the spectral properties, the number of passes required, or the ef-
fectiveness of this process. In this work, we use a simple linear
theory [7] that describes the action of multiple writing passes
as a filter on the grating spatial frequency spectrum, to examine
the tradeoffs in designing optical gratings. In addition, optical
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(a)

(b)

Fig. 1. (a) Standard e-beam process uses a full dose across one field, then
moves stage to next field. (b) Shot-shift process forM = 4 levels writes at one
fourth of the dose and moves stage every one fourth of a field.

diffraction measurements of the side band suppression are de-
scribed that quantify the achievable nulling effect.

II. THEORY

A. Stitching-Error Spectrum

The effect of stitching error on the grating frequency spec-
trum is considered first. We are concerned with first-order
diffraction, so only the fundamental harmonic of the assumed
rectangular grating need be considered. The grating is com-
posed of fields of length . The period is with corresponding
wave vector , and there are an integer number of periods,

in a field; thus, . This field pattern is repeated at
intervals of where is the stitching error. The spatial
frequency spectrum is given by an expression involving two
factors

(1)

The first factor is the spectrum of a single field. The second factor
describes the effect of tiling the grating as sampling of the single-
field spectrum. When , the delta comb samples at the
peak of the sinc function because . The rest
of the delta functions fall on the zeros of the sinc function and
the spectrum corresponds to that of an infinite sinusoid. When

, the functionsmoveoff thezeros,giving rise tospectral
sidebands roughly separated at intervals of the field-wave vector

Fig. 2. Effect of stitching error on the grating spatial frequency spectrum.
Dashed line: Sinc line shape of a single field ofN = 150 periods(T = 1;
L = NT ). Dotted arrow: Single component selected when stitching is perfect.
Solid arrows: Sideband frequency components arising for the case of1=4
period(T=4) stitching error. Solid line: absolute value of the shot-shift filtering
function forM = 5 showing nulling of the nearest sidebands.

. Assuming and , the size of the shift in
wavevectorof themodesnear isgivenapproximatelyby

(2)

When , a phase shift, the peaks shift to give
two equal modes symmetric about . For , the peaks
shift so that there is again one central mode, but the side modes
now do not fall exactly on the zeros of the sinc functions; thus,
there remains a small set of stitching-error sidebands. In a scalar
diffraction model (at small impressed phase shift), the diffracted
optical power is given by , which implies that the ob-
served stitching side modes go as . Fig. 2 shows the
relationship between these components for the case of
unit and periods per field with measured in units
of . The dashed curve is the sinc-function spectrum of a
single field, the dashed arrow represents the single delta func-
tion for the case of , and the solid arrows show the
modes for , a shift.

The results, so far, are for the case of systematic stitching er-
rors. For random stitching errors, the averaged spatial-frequency
spectrum is of interest. Assuming Gaussian-distributed errors,
and using standard properties of Fourier transforms, the grating
spatial-frequency spectrum can be expressed as

(3)

where is the variance of the stitching error. Random errors
replace the delta sampling comb of (1) with a train of Gaussian
pulses in the spatial frequency domain. The pulsewidth of this
sampling function depends slowly on

(4)
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indicating that higher order grating harmonics will suffer more
from random stitching-error broadening. For the first-order
diffraction considered here, and . Thus, near
the central peak, the spectral widths of the diffracted modes are
approximately

(5)

B. Shot-Shift Spectrum

Now that the grating spatial frequency spectra have been cal-
culated, the effect of the shot shifting can be addressed. In the
shot-shift process, the grating with stitch errors is written
times at dose and shifted by moving the stage a distance

of one field. In the spatial domain, the resulting grating
is given by

(6)

Note that stitching error is included because the shifts are
introduced by the stage motion. These spatial delays give rise
to filtering in the frequency domain. The spectrum of the shot-
shifted grating is given by

(7)

This filtering function has several important proper-
ties. First, it possesses a maximum at the main peak of

, provided is an integer; other-
wise, the central peak will be nulled. Second, it has zeros at
most multiples of , the exact positions of the
unwanted side modes in . Last, is periodic with period

. Thus, in this linear approximation, shot
shifting uses the stage-motion error to null the nearest
stitching-error sidebands, but leaves theth one unaffected.
This is illustrated in the solid curve of Fig. 2, which plots the
absolute value of for and the same stitching
error as above. can be chosen large enough to push the
nearest surviving stitch-error component out to a distance
where it is sufficiently small. As will be discussed below,
should not be chosen too large because it restricts the minimum
accessible pitch separation.

The that appears in (6) is the mean-value or systematic
part of the stitching error. The random errors can be associ-
ated with the instances of the random process , whereas
the shot-shift filter can be assumed to be perfect. Thus, if only
random errors are present, the filter function with

applied to the random stitching-error spectrum of (3) will give
the final shot-shifted grating spectrum. One result of this calcu-
lation is that shot shifting will not help narrow spectral broad-
ening of the main diffracted peak caused by random stitching
error; it only helps suppress sideband spectral components.

III. D IFFRACTION MEASUREMENTS

The grating functions calculated above really represent the
distributionof current dose given to the resist layer on the sample.
The development process is designed to be a highly nonlinear
function of the current dose for maximum contrast. Thus, the
linear theory given above is only approximate. The prediction
of exact nulling of the stitching-error components is especially
suspect, and experiments must be performed to determine the
level of suppression that can be achieved in practice.

To observe the stitching-error suppression, optical-diffraction
measurements were performed using an HeCd laser and a high-
resolution (0.0001-encoder count) rotation stage. Adjustable
slits were used on the input and output along with 100-mm col-
limating lenses. The spot on the grating measured 1 cm wide
by 1 mm high, and the highest resolution obtained for specular
reflection was 2 mdeg. The slits were opened in the actual ex-
periments in order to get enough signal from the ultraviolet pho-
tomultiplier tube, resulting in a 11-mdeg full-width at half max-
imum (FWHM) resolution. The gratings were written in poly-
methylmethacrylate on InP substrates using 50-keV and 200-pA
beam current in the fifth lens. Other parameters include a line
dose of 4.5 nC/cm, a clock rate of 2 MHz, and a 5-nm step incre-
ment. The base grating pattern was 150 periods of 300-nm pitch
lines, giving a field size of 45 m. Stitching error could be in-
troduced either directly in software by adjusting the stage travel
commands or by changing a global system parameter equivalent
to changing the sample height. This introduces errors because
the e-beam travel is calculated from the angle induced by the
beam-deflector plates and the distance to the sample.

Fig. 3 shows angular spectra for the order of four grat-
ings with different shot-shift patterns, and intentionally built-in
stitch errors of approximately 26 nm achieved by offsetting the
sample height parameter. The top trace was not shot shifted,
and sidebands beyond the thirtieth order can be measured. The
0.255 -spacing corresponds to the 45-m field -vector. This
error is much larger than the inherent error of our machine, but
it allows us to measure the effectiveness of the shot-shift fil-
tering by looking at changes in the main mode to SMR. Typical
gratings from our machine without shot-shifting have an SMR
of 30 dB. These side modes are suppressed below the skirt of
the main mode when shot shifting is used. The lower three traces
have the same built-in stitching error, but use shot shifting with

, and . In each case, only sideband orders at inte-
gral multiple of are unaffected, as predicted by (7). The
dip in the sideband heights for the fifth and tenth orders in the
top trace are believed to be due to interference with the subfield
stitching error of the machine because five subfields were used
for these patterns.

Fig. 4 shows a close-up of the angular spectra for
and the same stitch error as in Fig. 2. The reduction in SMR is

25 dB. The notch in the suppressed side modes gives some
indication of the shape of the filter. The reduction in SMR re-
mained below db even when varying the current dose by

%. No special calibration of the dose was performed for the
shot shifting. The dose was arrived at by dividing the dose for
a standard grating by the number of passes used. This indicates
that shot shifting is a robust process that may easily be incorpo-
rated into existing device patterns.
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Fig. 3. Grating angular spectra for gratings with 26-nm intentional stitching
error and different number of shot-shift levels.

Fig. 4. Dotted curve: spectra with 26-nm stitching error. Solid curve: effect of
two-level shot shifting yielding 25-dB reduction in the side-mode to main-mode
ratio.

The diffraction measurements of Figs. 3 and 4 clearly show
that the effect of -order shot shifting is to suppress all
nearest side modes. It is worth comparing shot shifting to a
simple reduction in the field size, which would have the same
effect of pushing the first significant side mode further away,
where iy may not be harmful for a given application. For system-
atic errors, an -fold reduction in the field size should translate
to an equal reduction in the stitching error , assuming it arises
from sample bowing or tilt. As (1) and (2) show, stitching-error

sidebands result from spectral components shifting of the zeros
of , the single-field spectrum. The amplitude of theth
sideband is the product of the slope of at its th zero
from the central peak, and the magnitude of the shift. The result
is given by

(8)

This mode will slip through the filter unaffected. Re-
ducing the field size by a factor of , instead of shot shifting,
will place the nearest side mode at the same detuning (it is now
a first order side mode, however), but leave unchanged,
so the magnitude will be

(9)

Surprisingly, the size of the first-order side mode is unaffected
by reducing the field size (assuming a systematic errors
scale, as well). The ratio of these amplitudes shows that the
magnitude of the nearest surviving side mode will be
times smaller for the shot-shifting case. Because the diffracted
power can be expected to scale approximately as the square
of the grating amplitude, this is a significant improvement
in side-mode suppression ratio (SMSR). For random errors,
because should be independent of the field size in this case,
even larger advantages can be expected.

IV. STAGE MOTION AND GRATING-PITCH RESTRICTIONS

Although higher orders of shot shifting suppress more of the
nearest sidebands, it restricts the minimum accessible wave-
length separation. The grating pattern is periodic in the stage-
travel distance , which determines the grating spatial fre-
quencies present by the delta comb in . (1). The minimum stage
travel increment, therefore, determines the minimum shifts al-
lowed in the grating vectors. With no shot shifting, the min-
imum change in pitch is . For -order shot shifting,
the end of the th grating period must lie on an allowed
stage position. The minimum change in pitch allowed is then

. The JEOL JBX-5D2 has a minimum stage incre-
ment of 10 nm. For and , the minimum
pitch separation is 0.25 nm. If this criterion is not satisfied, the
zeros of the shot-shift filter, in (7), will not lie exactly on
the stitching-error sidebands, and the filtering will not be as
effective. Situations requiring closely spaced pitches, such as
matching DFB lasers to absorption lines and making distributed
phase shifts in CPM lasers, will be limited in the number of
shot-shift levels allowed. Note that abrupt phase shifts can be
accommodated by using special field patterns, with the phase
shift at different positions in the field, and inserting them into
the grating program at the desired location.

To show that the fundamental period of the grating is deter-
mined by the stage positioning, three gratings were written using
five-level shot shifting and identical pitch (300 nm), but with
different stitching errors of 0, 20, and 50 nm introduced by extra
stage travel at the end of the field. The gratings were written
10 mwide and placedadjacent toeach otherso thata single scan
would capture diffraction of all three to accurately examine the
relative peak positions. Fig. 5 shows the combined spectra with a
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Fig. 5. Overlapping spectra of three gratings with identical (300 nm) pitch and
0-, 20-, and 50-nm stitching errors introduced by varying the stage travel. Insert:
Circles show the effective pitches calculated from observed peak positions; solid
line shows theory.

clearly evident shift of the peaks. The insert shows that the effec-
tive pitches calculated from the observed peak angles (circles)
fall exactly as calculated (solid line). In this case, the pitch as
written by the e-beam was fixed, and the stage travel increased. In
practice, it is more common to desire small changes in the pitch
while being forced to use the same field size. This result shows
that changing the pitch size will have no effect, and the peak
diffracted angle and spatial frequency will remain constant. In
the grating with 20 nm of stitching error added, the shot shifting
is not perfect because the stage must be moved in increments of

m nm, which does not lie on the 10-nm stage position
grid. This is the same effect as asking for pitches between the
minimum separation , mentioned above. The observed
sideband peaks remain dB below the main peak despite the
large stitching error, indicating that this limitation may not be
so serious if the shot-shift notch filter is wide enough. Further
experiments are underway to investigate this limit.

V. CONCLUSION

In conclusion, we have provided a simple linear model of
the effect of multiple exposure techniques for reducing grating
stitching error. The analysis demonstrates that-level shot
shifting will suppress the nearest sidebands, and that
increasing will restrict the minimum separation in allowed
pitches for a digitally controlled lithography machine. A robust
25-dB reduction in nearest sideband-diffraction efficiency was
observed in optical diffraction measurements of gratings with
intentional stitching error introduced. These results should
help device designers to determine if shot shifting can be of
benefit, and to develop appropriate multiple-write schemes for
stitching-error reduction.
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